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ABSTRACT
We investigate the evolution of the star formation rate−stellar mass relation (SFR−M⋆)
and Galaxy Stellar Mass Function (GSMF) of z ∼ 4 − 7 galaxies, using cosmological simu-
lations run with the smoothed particle hydrodynamics code P-GADGET3(XXL). We explore the
effects of different feedback prescriptions (supernova driven galactic winds and AGN feed-
back), initial stellar mass functions and metal cooling. We show that our fiducial model, with
strong energy-driven winds and early AGN feedback, is able to reproduce the observed stel-
lar mass function obtained from Lyman-break selected samples of star forming galaxies at
redshift 6 6 z 6 7. At z ∼ 4, observed estimates of the GSMF vary according to how the
sample was selected. Our simulations are more consistent with recent results from K-selected
samples, which provide a better proxy of stellar masses and are more complete at the high
mass end of the distribution. We find that in some cases simulated and observed SFR−M⋆
relations are in tension, and this can lead to numerical predictions for the GSMF in excess
of the GSMF observed. By combining the simulated SFR(M⋆) relationship with the observed
star formation rate function at a given redshift, we argue that this disagreement may be the
result of the uncertainty in the SFR−M⋆ (LUV −M⋆) conversion. Our simulations predict a
population of faint galaxies not seen by current observations.
Key words: cosmology: theory – galaxies: formation – galaxies: evolution – methods: nu-
merical
1 INTRODUCTION
Our knowledge of galaxies in the early Universe, has expanded
substantially over the last ten years. Galaxies are identified out
to z ∼ 8 and beyond, and their key quantities like Star For-
mation Rate (SFR), stellar mass (M⋆), dust extinction and age
can be measured via spectroscopy and multi-wavelength photom-
etry (Finkelstein et al. 2011; Lee et al. 2012; Dunlop et al. 2012;
Bouwens et al. 2012; Gonza´lez et al. 2012). The Star Formation
History (SFH) is thought to be determined by a combination of the
formation and growth of Dark Matter (DM) halos, the stellar Ini-
tial Mass Function (IMF), and astrophysical processes such as gas
accretion, stellar mass loss, radiative cooling, and feedback from
Supernovae (SN) and Active Galactic Nuclei (AGN). The SFH of
high redshift galaxies is characterised by a rapid rise of the star for-
mation rate until redshift z ∼ 6. Then, there is a period of more
slowly increasing star formation down to z ∼ 2. Finally, the SFR
has been found to decrease by a factor of 30 from z ∼ 2 to z = 0
⋆ E-mail: kata@student.unimelb.edu.au
(Daddi et al. 2007). The relation between SFR and galaxies is also
probed by the specific SFR (sSFR = SFR/M⋆). Gonza´lez et al.
(2010) found a roughly constant sSFR from z ∼ 7 to z ∼ 2.
More recently Smit et al. (2013) and Stark et al. (2013) provided
evidence that the sSFR increases past z ∼ 2 once nebular emission
lines are accounted for.
The cosmic star formation rate density and Star Formation
Rate Functions (SFRFs) can be useful for constraining theoretical
models, since they provide a good physical description of galac-
tic growth over time (Smit et al. 2012; Vogelsberger et al. 2013).
For example, Tescari et al. (2014) used hydrodynamic simulations
to model the observed SFRFs of Smit et al. (2012). Another key
measurement that constraints the star formation history, is the lo-
cation of galaxies on the SFR−M⋆ plane (Lee et al. 2012). There
is strong evidence of a correlation between SFR and stellar mass
at all redshifts, from z = 0 to the earliest observed epochs at
z ∼ 7 (Stark et al. 2009; Labbe´ et al. 2010; Magdis et al. 2010;
Gonza´lez et al. 2011; Whitaker et al. 2012). This relation is ob-
served to have little apparent evolution between z ∼ 4 and z ∼ 7
(Gonza´lez et al. 2011; McLure et al. 2011; Gonza´lez et al. 2012)
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unlike predictions from cosmological simulations and theoretical
models (Weinmann et al. 2011; Wilkins et al. 2013).
A number of authors (e.g. Dave´ 2008; Dutton et al. 2010;
Finlator et al. 2011; Dayal & Ferrara 2012; Haas et al. 2013a;
Kannan et al. 2014) have used hydrodynamic and semi-analytic
models to predict the SFR−M⋆ relation for low and intermediate
redshifts. Dave´ (2008) studied the SFR−M⋆ relation at z 6 2 us-
ing hydrodynamic simulations. At z = 0, the simulated SFR−M⋆
relation is generally in agreement with observations, though the ob-
served slope of the relation is somewhat shallower than predicted.
By z = 1, the slopes predicted by hydrodynamic simulations are
similar to those observed by Elbaz et al. (2007) but steeper than
those of Noeske et al. (2007). At z = 2 numerical results also
predict a relation that is steeper than found in the observations
of Daddi et al. (2007). Dutton et al. (2010) used a semi-analytic
model for disk galaxies to explore the origin of the time evolu-
tion and scatter of the SFR−M⋆ relation at z = 0 − 6. As with
hydrodynamic results, the simulated relation is generally in agree-
ment with observations, although the observed slope of the relation
is shallower than predicted. At z ∼ 2, the semi-analytic model un-
derpredicts the SFR at a fixed mass compared with the observations
of Daddi et al. (2007), and is in agreement with the simulations of
Dave´ (2008). Moreover, the semi-analytic results of Dutton et al.
(2010) are consistent with the observations of Daddi et al. (2009)
at z ∼ 4, but at z ∼ 6 there is a tension with the results of
Gonza´lez et al. (2010) (i.e. the predicted SFR at a fixed mass is
larger than observed).
A key challenge facing models of galaxy formation is to ex-
plain why the shape of the dark matter halo mass function and
the Galaxy Stellar Mass Function (GSMF) are different. The im-
portant factor that affects the shape of the GSMF and explains
the differences of the two distributions is generally thought to
be feedback. Cosmological hydrodynamic simulations that take
into account radiative cooling, but do not implement any feed-
back mechanisms linked with star formation, overpredict the stel-
lar mass within halos (Balogh et al. 2001). Moreover, the observed
slope of the GSMF is substantially flatter than the GSMF ob-
tained from hydrodynamic simulations (Choi & Nagamine 2011).
Puchwein & Springel (2013) used GADGET-3 simulations to inves-
tigate the impact of SN driven galactic winds and AGN feedback on
the shape of stellar mass function at z 6 2. By adopting a scheme
where wind velocities are proportional to the escape velocity of
each galaxy (Martin 2005), they were able to reproduce the low
mass end of the observed GSMF. On the other hand, AGN feed-
back is crucial to shape the high mass end of the GSMF at low
redshift.
Galaxy stellar mass functions at high redshift (z > 4) are very
difficult to measure directly due to selection effects but can also
provide constraints on scenarios of galaxy formation and early evo-
lution (Marchesini et al. 2009; Caputi et al. 2011; Gonza´lez et al.
2011; Lee et al. 2012; Santini et al. 2012). For 4 6 z 6 7, the
available estimates of the GSMF are based mostly on UV-selected
samples that are incomplete in mass and/or are usually derived by
adopting median or average mass-to-light ratios for all galaxies,
rather than detailed object-by-object estimates. In the case of K-
selected samples, surveys are more complete but they are limited to
the most massive objects at these redshifts.
This paper is the second of a series in which we present the
results of the ANGUS (AustraliaN GADGET-3 early Universe Simu-
lations) project. In the first paper of the series (Tescari et al. 2014)
we constrained and compared our hydrodynamic simulations with
observations of the cosmic star formation rate density and SFRF.
We showed that a fiducial model with strong-energy driven winds
and early AGN feedback is needed to obtain the observed SFRF
of galaxies at z ∼ 4 − 7 (Smit et al. 2012). In this work we in-
vestigate the driving mechanisms for the evolution of the GSMF
and SFR−M⋆ relation at redshift 4 6 z 6 7 using the same set
of cosmological simulations as in Tescari et al. (2014). We explore
different feedback prescriptions, in order to understand the origin
of the difference between observed and simulated relationships. We
also study the effects of metal cooling and choice of IMF. We do
not explore the broad possible range of simulations, but concentrate
on the simulations that can describe the high-z SFRF function.
This paper is organized as follows. In Section 2 we present a
brief description of our simulations along with the different feed-
back models used. In Section 3 we study the star formation rate
in halos. In particular, in Section 3.2 we present the observed
SFR−M⋆ relations. In Section 3.3 we compare our simulated re-
sults with observations. In section 4 we discuss observed GSMFs
from four different sets of data and compare with our simulated re-
sults. In section 5 we discuss our best fiducial model. Finally, in
Section 6 we summarise our main results and present our conclu-
sions.
2 THE SIMULATIONS
In this work we use the set of AustraliaN GADGET-3 early Uni-
verse Simulations (ANGUS) described in Tescari et al. (2014).
We run these simulations using the hydrodynamic code P-
GADGET3(XXL)1, a modified version of GADGET-3 (last described
in Springel 2005).
We assume a flat Λ cold dark matter (ΛCDM) model with2
Ω0m = 0.272, Ω0b = 0.0456, ΩΛ = 0.728, ns = 0.963,
H0 = 70.4 km s−1 Mpc−1 (i.e. h = 0.704) and σ8 = 0.809. The
simulations cover a cosmological volume with periodic boundary
conditions initially occupied by an equal number of gas and dark
matter particles. We adopt the multiphase star formation criterion
of Springel & Hernquist (2003) in which the Inter Stellar Medium
(ISM) changes phases under the effect of star formation, evapora-
tion, restoration and cooling. With this prescription baryonic matter
is in the form of a hot or cold phase, or in stars. In this model, when-
ever a gas particle reaches a density larger than a given threshold
density ρth, it is considered to be star-forming. A typical value for
ρth is ∼ 0.1 cm−3 (in terms of the number density of hydrogen
atoms), but the exact density threshold is calculated according to
the IMF used and the inclusion/exclusion of metal-line cooling.
Our code follows the evolution of 11 elements (H, He, C,
Ca, O, Ne, Mg, S, Si and Fe) released from supernovae (SNIa
and SNII) and low and intermediate mass stars self-consistently
(Tornatore et al. 2007). Radiative cooling and heating processes are
included by following the procedure presented in Wiersma et al.
(2009). We assume a mean background radiation composed of the
cosmic microwave background and the Haardt & Madau (2001)
1 The features of our code are extensively described in Tescari et al.
(2014), therefore we refer the reader to that paper for additional informa-
tion.
2 This set of cosmological parameters is the combination of 7-year data
from WMAP (Komatsu et al. 2011) with the distance measurements from
the baryon acoustic oscillations in the distribution of galaxies (Percival et al.
2010) and the Hubble constant measurement of Riess et al. (2009). Note
that some of these parameters are in tension with recent results from the
Planck satellite (Planck Collaboration et al. 2013).
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ultraviolet/X-ray background from quasars and galaxies. Contribu-
tions to cooling from each one of the eleven elements mentioned
above have been precomputed using the Cloudy photoionisation
code (last described in Ferland et al. 2013) for an optically thin gas
in (photo)ionisation equilibrium. In this work we use cooling tables
for gas of primordial composition (H + He) as the reference con-
figuration. To test the effect of metal-line cooling, we include it in
one simulation.
A range of initial stellar mass functions can be employed. For
this work we used three different IMFs:
• Salpeter (1955):
ξ(m) = 0.172 ×m−1.35 (1)
• Kroupa et al. (1993):
ξ(m) =


0.579 ×m−0.3 0.1M⊙ 6 m < 0.5M⊙
0.310 ×m−1.2 0.5M⊙ 6 m < 1M⊙
0.310 ×m−1.7 m > 1M⊙
(2)
• Chabrier (2003):
ξ(m) =


0.497 ×m−0.2 0.1M⊙ 6 m < 0.3M⊙
0.241 ×m−0.8 0.3M⊙ 6 m < 1M⊙
0.241 ×m−1.3 m > 1M⊙
(3)
In the equations above, ξ(m) = dN/d logm describes the
number density of stars per logarithmic mass interval.
To identify the collapsed structures in a simulation we use an
on the fly parallel Friends-of-Friends (FoF) algorithm. Following
Dolag et al. (2009), we use a linking length of 0.16 times the mean
DM particle separation. The star formation rate of a collapsed ob-
ject is the instantaneous SFRs of gas particles at the current time-
step. The total stellar mass is the sum of the particle stellar masses
in the structure.
2.1 Feedback models
In our simulations both SN driven galactic winds and AGN feed-
back are included. In the following we report the parameters
used: the interested reader can find an extensive description in
Tescari et al. (2014).
For the supernova driven outflows, we use the original
Springel & Hernquist (2003) energy-driven implementation of
galactic winds. The wind carries a fixed fraction χ of the SN en-
ergy (ǫSN = 1.1 × 1049 erg/M⊙ for our adopted Chabrier IMF).
We assume a wind mass loading factor η = M˙w/M˙⋆ = 2 and con-
sider the velocity of the wind vw as a free parameter. We explore
three different wind velocities:
• weak winds: vw = 350 km/s (corresponding to χ = 0.22);
• strong winds: vw = 450 km/s (χ = 0.37);
• very strong winds: vw = 550 km/s (χ = 0.55).
In one simulation we also include variable momentum-driven
winds:
vw = 2
√
GMhalo
R200
= 2× vcirc, (4)
η = 2×
450 km/s
vw
, (5)
where vcirc is the circular velocity, Mhalo is the halo mass and
R200 is the radius within which a density 200 times the mean
density of the Universe at redshift z is enclosed (Barai et al.
2013). As discussed in Tescari et al. (2014), wind particles are
hydrodynamically decoupled for a given period of time, to ensure
they can effectively escape the central region of galaxies and reach
the low density intergalactic/circumgalactic medium. Besides the
kinetic feedback just described, contributions from both SNIa and
SNII to thermal feedback are considered.
In our model for AGN feedback, whenever a dark matter halo,
identified by the parallel run-time Friends-of-Friends (FoF) algo-
rithm, reaches a mass above a given mass threshold Mth for the
first time, it is seeded with a central Super-Massive Black Hole
(SMBH) of mass Mseed (provided it contains a minimum mass frac-
tion in stars f⋆). Each SMBH can then grow by accreting local gas
and through mergers with other SMBHs. A fraction of the radi-
ated energy associated to the accreted mass is thermally coupled to
the surrounding gas. We consider two regimes for AGN feedback,
where we vary the minimum FoF mass Mth and the minimum star
mass fraction f⋆ for seeding a SMBH, the mass of the seed Mseed
and the maximum accretion radius Rac. We define:
• early AGN formation: Mth = 2.9× 1010 M⊙/h, f⋆ = 2.0×
10−4, Mseed = 5.8× 104 M⊙/h, Rac = 200 kpc/h;
• late AGN formation: Mth = 5.0 × 1012 M⊙/h, f⋆ = 2.0 ×
10−2, Mseed = 2.0× 106 M⊙/h, Rac = 100 kpc/h.
We stress that the radiative efficiency (ǫr) and the feedback effi-
ciency (ǫf ) are assumed to be the same in the two regimes. How-
ever, in the early AGN configuration we allow the presence of a
black hole in lower mass halos, and at earlier times. We extended
our simulations to lower redshifts and found that this configuration
leads asymptotically to the Magorrian relation (Magorrian et al.
1998), but accentuates the effect of AGN in low mass haloes at
high z.
2.2 Outline of simulations
In Table 1 we summarise the main parameters of the cosmolog-
ical simulations performed for this work. Our reference configu-
ration has box size L = 24 Mpc/h, initial mass of the gas parti-
cles MGAS = 7.32 × 106 M⊙/h and a total number of particles
(NTOT = NGAS + NDM) equal to 2 × 2883. We also ran a simu-
lation with L = 18 Mpc/h and one with L = 12 Mpc/h to perform
box size and resolution tests. All the simulations start at z = 60
and were stopped at z = 2. In the following we outline the charac-
teristics of each run:
• Kr24 eA sW: Kroupa et al. (1993) initial mass function, box
size L = 24 Mpc/h, early AGN feedback and strong energy-driven
galactic winds of velocity vw = 450 km/s;
• Ch24 lA wW: Chabrier (2003) IMF, late AGN feedback and
weak winds with vw = 350 km/s;
• Sa24 eA wW: Salpeter (1955) IMF, early AGN feedback and
weak winds with vw = 350 km/s;
• Ch24 eA sW: Chabrier IMF, early AGN feedback and strong
winds with vw = 450 km/s;
• Ch24 lA sW: Chabrier IMF, late AGN feedback and strong
winds with vw = 450 km/s;
• Ch24 eA vsW: Chabrier IMF, early AGN feedback and very
strong winds with vw = 550 km/s;
• Ch24 NF: Chabrier IMF. This simulation was run without any
winds or AGN feedback, in order to test how large the effects of the
different feedback prescriptions are;
c© 0000 RAS, MNRAS 000, 000–000
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Run IMF Box Size NTOT MDM MGAS Comoving Softening Feedback
[Mpc/h] [M⊙/h] [M⊙/h] [kpc/h]
Kr24 eA sW Kroupa 24 2× 2883 3.64×107 7.32× 106 4.0 Early AGN + Strong Winds
Ch24 lA wW Chabrier 24 2× 2883 3.64×107 7.32× 106 4.0 Late AGN + Weak Winds
Sa24 eA wW Salpeter 24 2× 2883 3.64×107 7.32× 106 4.0 Early AGN + Weak Winds
Ch24 eA sW Chabrier 24 2× 2883 3.64×107 7.32× 106 4.0 Early AGN + Strong Winds
Ch24 lA sW Chabrier 24 2× 2883 3.64×107 7.32× 106 4.0 Late AGN + Strong Winds
Ch24 eA vsW Chabrier 24 2× 2883 3.64×107 7.32× 106 4.0 Early AGN + Very Strong Winds
Ch24 NF Chabrier 24 2× 2883 3.64×107 7.32× 106 4.0 No Feedback
Ch24 Zc eA sWa Chabrier 24 2× 2883 3.64×107 7.32× 106 4.0 Early AGN + Strong Winds
Ch24 eA MDWb Chabrier 24 2× 2883 3.64×107 7.32× 106 4.0 Early AGN +
Momentum-Driven Winds
Ch18 lA wW Chabrier 18 2× 3843 6.47×106 1.30× 106 2.0 Late AGN + Weak Winds
Ch12 eA sW Chabrier 12 2× 3843 1.92×106 3.86× 105 1.5 Early AGN + Strong Winds
Table 1. Summary of the different runs used in this work. Column 1, run name; column 2, Initial Mass Function (IMF) chosen; column 3, box size in comoving
Mpc/h; column 4, total number of particles (NTOT = NGAS + NDM); column 5, mass of the dark matter particles; column 6, initial mass of the gas particles;
column 7, Plummer-equivalent comoving gravitational softening length; column 8, type of feedback implemented. See Section 2.2 for more details on the
parameters used for the different feedback recipes. (a): in this simulation the effect of metal-line cooling is included. (b): in this simulation we adopt variable
momentum-driven galactic winds. In all the other simulations galactic winds are energy-driven and the wind velocity is constant (Section 2.1).
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Figure 1. Density plots of the SFR−total halo mass relation for the Kr24 eA sW run at redshifts z ∼ 4 − 7. The blue dot-dashed horizontal lines represent
the observational limits in the range of SFR of Smit et al. (2012). The orange dot-dashed vertical line is our mass confidence limit (see Section 3.1). The black
solid line is the median line through the points of the density plots.
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• Ch24 Zc eA sW: Chabrier IMF, metal cooling following
Wiersma et al. (2009), early AGN feedback and strong winds with
vw = 450 km/s;
• Ch24 eA MDW: Chabrier IMF, early AGN feedback and
momentum-driven galactic winds;
• Ch18 lA wW: Chabrier IMF, box size L = 18 Mpc/h, late
AGN feedback and weak winds of velocity vw = 350 km/s. The
initial mass of the gas particles is MGAS = 1.30× 106 M⊙/h, the
total number of particles is equal to 2× 3843;
• Ch12 eA sW: Chabrier IMF, box size L = 12 Mpc/h, early
AGN feedback and strong winds of velocity vw = 450 km/s. The
initial mass of the gas particles is MGAS = 3.86× 105 M⊙/h, the
total number of particles is equal to 2× 3843.
As already mentioned in the Introduction, we stress that our
simulations have been initially calibrated to reproduce the redshift
evolution of the observed cosmic star formation rate density. In the
first paper of the series (Tescari et al. 2014) we also tuned the pa-
rameters of feedback by comparing with observations of the SFRF
at z ∼ 4−7. In this work we use those constraints to investigate the
evolution of the GSMF and SFR−M⋆ relation in the same redshift
interval.
We ran all the simulations using the raijin, vayu and xe clus-
ters at the National Computational Infrastructure (NCI) National
Facility3 at the Australian National University (ANU). For the post-
processing we also used the edward High Performance Computing
(HPC) cluster at the University of Melbourne4 .
3 STAR FORMATION RATE IN HALOS
3.1 The star formation rate−total halo mass relation
In this section, we investigate the star formation rate−total halo
mass relation (SFR−MFoF) at redshifts z ∼ 4 − 7. Fig. 1 shows
the density plot for our fiducial model with a Kroupa et al. (1993)
IMF, early AGN feedback and strong energy-driven galactic winds
with constant velocity vw = 450 km/s. In this figure, the orange
dot-dashed vertical lines mark our mass resolution limit. This value
is equivalent to the mass of a halo resolved with 100 dark mat-
ter particles (MFoF ∼ 109.56 M⊙/h). We showed in Tescari et
al. (2014) that the cosmic star formation rate density in structures
with larger masses is convergent at redshift z 6 7, making our
results numerically robust in this range. In that paper, we investi-
gated the star formation rate functions of high redshift galaxies and
compared these with recent observations from Smit et al. (2012).
In this paper, we study different galaxy properties, but we mainly
compare with the same sample of rest frame UV-selected galaxies
from Bouwens et al. (2007, 2011). For this reason we also overplot
the observational limits in the range of SFR of Smit et al. (2012,
in Fig. 1 blue dot-dashed horizontal lines). In the comparison with
observations, we consider only systems inside these observational
windows. We stress that halos inside this range are almost always
above the mass confidence limit. Only a few are below the mass
threshold at redshift z = 3.8 and are therefore rejected from the
subsequent analysis. The black solid lines are the median lines
through the points of each density plot. A clear positive correla-
tion between halo mass and SFR is visible, even if the amount of
the scatter increases at low mass (especially at lower redshift).
3 http://nf.nci.org.au
4 https://edward-web.hpc.unimelb.edu.au/users/
The relation between SFR and total halo mass is not observ-
able, but we explore it to evaluate the effects of different feed-
back mechanisms and IMFs, and the impact of metal cooling in
our simulations. In Fig. 2, we compare the median lines of the
SFR(MFoF) density plots for all the runs with box size L = 24
Mpc/h. At each redshift, a panel showing ratios between the dif-
ferent simulations and the Kr24 eA sW run (black solid line) is in-
cluded. At redshift z = 6.8, we see that different configurations are
not distinct, except for the no-feedback (Ch24 NF - magenta triple
dot-dashed line) and the Momentum-driven wind (Ch24 eA MDW
- dark green dashed line) cases. By comparing the Ch24 NF run
with all the other simulations, we can see that feedback is already
in place at z ∼ 7 and lowers the SFR at any given halo mass.
Momentum-driven winds effectively quench the SFR in low mass
halos, but are less efficient than constant winds (with fixed velocity
and mass loading factor η = 2) in high mass halos (MFoF ? 1010.5
M⊙/h, for the velocity normalisation that we use). This is due to
the fact that in this case η scales with the inverse of the wind ve-
locity (η ∝ v−1w , see Section 2.1). The same trends are visible at
redshifts z = 5.9 and z = 5.0, with the differing behaviour of the
Ch24 NF and Ch24 eA MDW runs more marked at lower redshift.
Finally, at redshift z = 3.8, different feedback configurations
show different behaviour. The effect of SN driven winds is impor-
tant for all halos: from the least to the most massive. In the less
massive halos (MFoF > 1011 M⊙/h), both strong and weak winds
remove gas from the central regions and prevent the formation of
new stars. On the other hand, in the most massive halos weaker
winds are not able to efficiently expel gas from the high density
regions and quench the star formation.
In Fig. 3 we highlight the effect of different forms of feedback,
metal cooling and IMF on the SFR(MFoF) relation at z = 3.8.
To explore the impact of galactic winds, in the top left panel
we compare the Ch24 eA sW (red triple dot-dashed line) and the
Ch24 eA vsW (blue dotted line) runs. These runs have exactly the
same configuration with the exception of velocity of the winds (450
km/s and 550 km/s, respectively). As argued above, at high masses
(M ? 1011 M⊙/h), the SFR is lower when the wind velocity is
higher (i.e. the blue dotted line is always below the red triple dot-
dashed line).
On the other hand, the effect of AGN feedback is particularly
visible at low masses (M > 1010.5 M⊙/h). This can be seen by
comparing the values of the SFR(M) relation for the Ch24 eA sW
(red triple dot-dashed line) and the Ch24 lA sW (cyan dashed line)
runs (top right panel of Fig. 3). These runs have the same wind
strength, but different AGN configurations. In the first case, we
adopted the “early AGN” scheme, where we reduced the halo mass
and the star mass fraction thresholds (Mth and f⋆) to seed a cen-
tral super-massive black hole of mass Mseed, with respect to the
“late AGN” scheme. However, the radiative efficiency (ǫr) and the
feedback efficiency (ǫf ) are the same in the two regimes (see Sec-
tion 2.1). Tescari et al. (2014) discussed how decreasing the thresh-
old mass for seeding a SMBH increases the effect of AGN feed-
back on halos with low masses/SFRs, since we impose high black
hole/halo mass ratios in small galaxies at early times. As a result,
at low masses SFR lA(MFoF) > SFR eA(MFoF), where the sub-
scripts refer to late and early AGN feedback respectively. At the
same time, the effect of AGN feedback on the most massive halos
is minimal, since in these objects the central SMBH has not yet
reached the self-regulation regime where a lot of energy is released
and further star formation prevented.
By comparing the Ch24 Zc eA sW run (dark grey dot-dashed
line) with the Ch24 eA sW run (red triple dot-dashed line) in Fig. 2,
c© 0000 RAS, MNRAS 000, 000–000
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Figure 2. SFR−total halo mass relation (median lines through density plots) for all the runs of Table 1 with box size equal to 24 Mpc/h. The blue dot-dashed
horizontal lines represent the observational limits in the range of SFR of Smit et al. (2012). The orange dot-dashed vertical line is our mass confidence limit
(see Section 3.1). At each redshift, a panel showing ratios between the different simulations and the Kr24 eA sW run (black solid line) is included.
we are able to test how metal cooling affects the SFR−MFoF rela-
tion. We see that at all redshifts considered, the star formation rate
at a given halo mass is always higher in the case of the simulation
that includes metal cooling. This is due to the fact that when metals
are taken into account in the cooling function, the enriched gas in-
side halos can cool more efficiently and produce more stars than the
same amount of gas of pristine composition. The bottom left panel
of Fig. 3 shows the comparison between the SFR(MFoF) relations
of Ch24 Zc eA sW and Ch24 eA sW runs at redshift z = 3.8.
Since the total integrated amount of gas converted into “stars”
is the same for different IMFs, for our simulations the choice of
initial mass function plays a minor role (Tescari et al. 2014). In fact,
the run with a Kroupa IMF (Kr24 eA sW - black solid line) and the
simulation with Chabrier IMF (Ch24 eA sW - red triple dot-dashed
line) have almost the same SFR(MFoF) relation at all halo masses
and redshifts.
In the bottom right panel of Fig. 3 we clarify this by showing,
in addition to the previous two runs, the SFR(MFoF) relation at z =
3.8 for a simulation with early AGN, strong winds and Salpeter
(1955) IMF: (Sa24 eA sW − dashed grey line)5. We are comparing
models that do not include metal cooling, therefore the source of
any difference between these simulations is the number of stars
above the SNII mass threshold.
To conclude, we note that at all redshifts considered, when the
5 This run was used only here to test further the effect of the IMF choice
on the simulated SFR(MFoF) relation and it is not part of the set discussed
throughout the paper.
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Figure 3. SFR−total halo mass relation (median lines through density plots) at z = 3.8. We evaluate the effects of galactic winds (top left panel), AGN
feedback (top right panel), metal cooling (bottom left panel) and choice of IMF (bottom right panel). The blue dot-dashed horizontal lines represent the
observational limits in the range of SFR of Smit et al. (2012). The orange dot-dashed vertical line is our mass confidence limit (see Section 3.1).
mass confidence limit is approached (orange dot-dashed vertical
lines in Figs. 2 and 3), all the simulations show exactly the same
trend because the different feedback configurations start to be nu-
merically poorly resolved. However, we stress that this always hap-
pens outside the observational window of Smit et al. (2012), which
we adopted to perform our analysis. In Appendix A we present the
resolution and box size tests using simulations with L = 18 Mpc/h
and L = 12 Mpc/h. These tests show that different configurations
are convergent to ∼ 0.1 dex inside the observational limits, with
the caveat that simulations with smaller box size are dominated by
poor statistics in the high mass end of the SFR−MFoF relation.
3.2 The observed star formation rate−stellar mass relation
In this section, we discuss the observed star formation rate−stellar
mass relation (SFR−M⋆). We use three sets of observations.
First we consider the results of Bouwens et al. (2012), who
derived an approximate relationship between SFR and stellar mass
for star-forming galaxies using B-, V-, I- and z-dropouts at z ∼ 4,
5, 6 and 7, respectively. This drop-out technique is a color se-
lection and relies on the Lyman-break in active galaxies. Due
to this selection criteria, the sample of Bouwens et al. (2012) in-
cludes only star forming, mildly obscured galaxies. To obtain
the relation between SFR and stellar mass, Bouwens et al. (2012)
used the observed rest frame UV luminosities, UV-continuum
slopes and Mass/Luminosity (M⋆/L) ratios from observations
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Figure 4. The observed galaxy star formation rate−stellar mass relation at z ∼ 4− 7 from Drory & Alvarez (2008, observed frame I-band selected sample -
green dashed + dotted lines), Bouwens et al. (2012, drop-outs selection - blue triple dot-dashed lines + light blue shaded regions) and de Barros et al. (2014,
drop-outs selection - dark green filled squares - No Nebular emission + red filled circles - Nebular emission). The open symbols are the median values of
de Barros et al. (2014) that according to the authors suffer from low statistics. The numbers represent the number of galaxies that were used to obtain the
median SFR at a given M⋆. The light blue shaded regions represent the statistical error of the SFR−M⋆ relation from Bouwens et al. (2012), estimated by
varying the normalization factor in Eq. 6. The green dotted lines represent the 0.3 dex scatter of the SFR−M⋆ relation from Drory & Alvarez (2008).
including Ultra-deep ACS and WFC3/IR HUDF+HUDF09 data
and wide-area GOODS+ERS+CANDELS data over the CDF-S
GOODS field. Bouwens et al. (2012) converted UV luminosities
into SFRs using the Kennicutt (1998) and Madau et al. (1998) UV
luminosity−SFR conversion. A dust correction at different UV lu-
minosities was made using the Meurer et al. (1999) (IRX)-β re-
lation and the UV-continuum slope, β, distribution. Then, stel-
lar masses were calculated using the luminosity dependent M⋆/L
ratios derived by Gonza´lez et al. (2011)6. They found that the
SFR−M⋆ relation can be well approximated by the following rela-
tion7:
SFR =
(
13+7−5 M⊙ yr
−1
)
×
(
M⋆/10
9M⊙
)0.73±0.32
. (6)
6 Bouwens et al. (2012) state that the derived stellar masses may be up to
a factor of 2 higher using mass dependent M⋆/L ratios.
7 The observed SFR−M⋆ relation without dust corrections is:
SFR =
(
6+3−2 M⊙ yr
−1
)
×
(
M⋆/10
9M⊙
)0.59±0.32
.
We plot this relation in the four panels of Fig. 4 (blue triple dot-
dashed line). The light blue shaded region is the statistical er-
ror estimated by varying the normalization factor in Eq. 6. Ac-
cording to Gonza´lez et al. (2012), the evolution with redshift of
this relationship is very small from z ∼ 7 to z ∼ 4, regard-
less of the assumed galactic SFH (e.g. a constant or exponen-
tially increasing star formation rate with time). We stress that the
SFR−M⋆ relation derived including the effects of dust extinc-
tion has a steeper slope than when derived without any dust cor-
rection. The intrinsic SFRs calculated by dust correcting the ob-
served SFRs are larger for objects with high SFR/stellar masses.
This is due to the fact that dust corrections are more important for
big dusty galaxies. Since the intrinsic SFRs are higher at a fixed
mass for high star-forming objects, the intrinsic (dust corrected)
slope of the SFR−M⋆ relation is steeper. For instance, without tak-
ing into account any dust extinction, the results of Gonza´lez et al.
(2011) imply a relationship between SFR and M⋆ with exponents
of 0.59 (i.e. SFRNoDustCorr ∝ M0.59⋆ ). However, when dust cor-
rection is included, the SFR(M⋆) relation becomes more linear
(SFRDustCorr ∝ M0.73⋆ , Bouwens et al. 2012).
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We stress that, according to Bouwens et al. (2012) dust correc-
tions increase the normalization of the SFR(M⋆) relation by more
than a factor of two. This implies that a dwarf galaxy with almost
no dust, and stellar mass log(M⋆/M⊙) ≃ 8.5 at z ∼ 4, should
have a SFR ∼ 1.9 times higher if dust corrections are applied8.
However, Stark et al. (2009) pointed out that the inclusion of dust
corrections should not lead to an increase in the normalization over
time. This could mean that the dust corrections of Bouwens et al.
(2012) at a fixed stellar mass are overestimated.
The second set of observations we consider comes from
de Barros et al. (2014). Galaxies at z ∼ 3, 4, 5 and 6 were selected
via the presence of the Lyman-break as it is redshifted through the
U, B, V, and i bands, respectively. The authors state that their color
criteria are very similar to Bouwens et al. (2012). de Barros et al.
(2014) investigated the effect of different choices of the star forma-
tion history (constant, decreasing and rising) and nebular emission
lines. Stellar masses and SFRs were obtained using Spectral Energy
Distribution (SED) fitting taking into account attenuation from in-
tergalactic and interstellar media. For consistency, we consider the
constant star formation history model since Bouwens et al. (2012)
assumed the same. We plot the results of de Barros et al. (2014) in
Fig. 4 (dark green squares). We can see that the inclusion of neb-
ular emission to this model is responsible for a very small shift of
the results to smaller masses (red circles of Fig. 4). The results of
the authors can be found in table A1 of their work. According to
de Barros et al. (2014) there is a very small number of objects in
the brightest and faintest bins at each redshift. Therefore, they state
that it is considered more appropriate to take into account only the
three intermediate bins to examine trends of the physical properties.
The third set of observations that we consider com-
prises an observed frame I-band selected sample of galaxies.
Drory & Alvarez (2008) used the data published by Feulner et al.
(2005, from the FORS Deep Field and the GOODS-S field) to find
the average star formation rate−stellar mass relation at different
redshifts. The I-band selected subsample of the FORS Deep Field
photometric catalog misses at most 10% of the objects found in
ultra-deep K-band observations by Labbe´ et al. (2003). As a result
Drory & Alvarez (2008) were able to include massive and obscured
galaxies in their sample. The stellar masses were computed by fit-
ting models of composite stellar populations with various star for-
mation histories, ages, metallicities, burst fractions and dust con-
tents (Drory et al. 2005). However, the absence of IRAC photome-
try can increase the systematic uncertainties in their M⋆ by a fac-
tor of up to 2 (Shapley et al. 2005). Then, Drory & Alvarez (2008)
used dust-corrected UV-continuum emissions to estimate the star
formation rates at the same masses. We stress that the authors used
a declining star formation history model to retrieve the SFRs and
therefore these can be systematically underestimated by a factor
of 5-10 (Reddy et al. 2012). However, the SFR−M⋆ relation de-
rived by Drory & Alvarez (2008) is in excellent agreement with
the recent results of Salmon et al. (2014) who used a constant star
formation history model. The dust corrections were determined
from stellar population model fits to the multicolor photometry
(Feulner et al. 2005). The redshift range of the Drory & Alvarez
(2008) analysis is 0.25 < z < 5. The authors parameterised the
8 According to Sawicki (2012), z ∼ 2 galaxies with log(M⋆/M⊙) <
9.0 have a median color excess of EB−V = 0 (i.e the dust extinction is
almost negligible for these objects). Boquien et al. (2012) stress that the
use of a canonical starburst AFUV − β relation on normal (non-starburst)
starforming galaxies may produce an overestimate of the SFR by almost an
order of magnitude.
star formation rate as a power law of stellar mass with an exponen-
tial cutoff at high masses:
SFR = SFR0
(
M⋆
M0
)βs
exp
(
−
M⋆
M0
)
. (7)
The best fitting parameters are listed in Table 2 of Drory & Alvarez
(2008). At redshifts 3 < z < 4, the star formation rate is consistent
with a single power law with exponent βs ∼ 0.6. Then, at 4 <
z < 5, the exponent slightly increases to βs ∼ 0.65. The mass
at which the star formation rate starts to deviate from the power
law behaviour and becomes an exponential, evolves smoothly from
logM0 = 13 (in units of M⊙) at z ∼ 5, to logM0 = 10.5 (M⊙)
at z ∼ 0.5. This characteristic mass marks the mass threshold at
which the galaxy population changes from actively star-forming at
lower stellar masses to quiescent at higher M⋆ (Drory & Alvarez
2008). The fact that at z > 5 this characteristic mass is very high,
implies that the data are consistent with a single power law, and
that there are not many old quiescent massive galaxies. Fig. 4 of
Drory & Alvarez (2008), shows the evolution with redshift of the
parameter M0 of Eq. (7) and a power-law fit:
M0(z) = 2.66× 10
10(1 + z)2.13 M⊙. (8)
Since we want to test the SFR(M⋆) relation at redshifts 4 6 z 6 7,
we use the fitting parameters of Table 2 in Drory & Alvarez (2008)
to find the evolution of the normalization parameter (SFR0) with
redshift. Fig. 5 shows this evolution (blue filled squares with error
bars) compared with our best fit extrapolated to z = 7 (orange
dot-dashed line):
SFR0(z) = 29.5− 40.3 z + 28.1 z
2 + 1.8 z3 M⊙ yr
−1. (9)
As noted, the exponent of the SFR−M⋆ relation is not sensitive
to redshift: βs = 0.65. Using Eq. (8) and Eq. (9) we extrapo-
late the fitting parameters M0 and SFR0, respectively, at redshifts
z ∼ 4, 5, 6 and 7. We plot the resulting SFR−M⋆ relations in
Fig. 4 (green dashed + dotted lines). We stress that the observed
parameters are determined for redshifts 0.25 < z < 5, but we
extended this analysis to z = 7, in order to compare with our
simulations. We assume an observed scatter of 0.3 dex regard-
less of redshift for the SFR−M⋆ relation derived from the ob-
served frame I-band selected sample of Drory & Alvarez (2008)
(according to Noeske et al. 2007; Elbaz et al. 2007; Daddi et al.
2007; Salim et al. 2007; Dutton et al. 2010; Whitaker et al. 2012)9.
Fig. 4 illustrates the range of SFR−M⋆ relations derived us-
ing different sample selections and dust corrections. We can see
that the analysis of Drory & Alvarez (2008) is able to probe galax-
ies with higher masses due to their selection criteria. The sample
of these authors includes high mass and obscured galaxies10 that
are not found by the drop-outs selection of Bouwens et al. (2012)
and de Barros et al. (2014). The drop-out selection can affect the
obtained SFR−M⋆ relation since it takes into account only ac-
tively star forming galaxies. Karim et al. (2011) used 1.4 GHz lu-
minosities and SED fitting to estimate the SFR−M⋆ relation at
z ∼ 0.2 − 3.0 for a mass selected sample. When the authors in-
clude only star-forming galaxies in their analysis, the average SFR
9 Note that this value may be overestimated. Whitaker et al. (2012) stated
that random and systematic errors introduce a 0.18 dex scatter to the
SFR−M⋆ relation for star-forming galaxies, from which they estimated the
intrinsic scatter to be 0.17 dex.
10 As noted above, the selection of Drory & Alvarez (2008) is effectively
a NIR-selection.
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Figure 5. Evolution with redshift of the normalization parameter of Eq.
(7), SFR0. The blue filled squares with error bars are the observational data
from Drory & Alvarez (2008), while the orange dot-dashed line is our fit to
the points, extrapolated to z = 7.
at a fixed mass is larger, especially at the high mass end of the dis-
tribution where quiescent galaxies are present. This effect tends to
increase the values of SFR at a fixed mass for the relations obtained
by Bouwens et al. (2012) and de Barros et al. (2014).
de Barros et al. (2014) state that their stellar mass−luminosity
relation is consistent with the one found by Gonza´lez et al. (2011).
However, the SFR−M⋆ relations of Fig. 4 are quite different. The
above studies have similar selection criteria and assume almost the
same stellar mass−luminosity relation. However, they retrieve star
formation rates with different methods. To estimate the SFR at a
fixed mass Bouwens et al. (2012) used corrections based on UV-
continuum slopes (Meurer et al. 1999) and the Kennicutt (1998)
relation, while de Barros et al. (2014) based their results on SED
fitting. We see that the star formation rates at a fixed mass are higher
in the case of Bouwens et al. (2012). The results of de Barros et al.
(2014) and Drory & Alvarez (2008) for the SFR−M⋆ are in good
agreement with each other. Both surveys utilised SED fitting for
their analysis. Bauer et al. (2011) investigated how different meth-
ods for the determination of the intrinsic SFR can affect the ob-
served SFR−M⋆ relation. The authors concluded that the best way
to determine the amount of dust extinction and the intrinsic SFR is
using multiwavelength SED fitting.
Another difference between the relations shown in Fig. 4, is
that Drory & Alvarez (2008) calculated the average SFR−M⋆ re-
lation, while Bouwens et al. (2012) used the median M⋆/L ratios
from Gonza´lez et al. (2011). Different results are expected using
average rather than median M⋆/L ratios, since using average ratios
would increase the masses. The reason is that in the case of me-
dians, calculations will not take into account the large amounts of
stellar mass that reside in the high M⋆ tail of the mass distribution.
In conclusion, there is a tension between the SFR−M⋆ rela-
tions reported in the literature at z ∼ 4−7. The main reason for this
is that observers use different methods and techniques to obtain the
intrinsic SFRs and dust corrections. In addition, selection effects
can play an important role for the determination of the slope. For
instance, Lyman-break selection is biased to detect the most star
forming systems at a fixed stellar mass. This effect is more severe
for the low mass end (Reddy et al. 2012) and high mass end of the
distribution (Heinis et al. 2014). This bias increases the normaliza-
tion of the retrieved SFR−M⋆ relation and possibly makes its slope
artificially shallower.
3.3 Comparison between simulated and observed SFR−M⋆
relation
In this section, we compare the observed and simulated SFR−M⋆
relations at high redshift. The evolution of this relation is important
since it provides key constraints on the stellar mass assembly his-
tories of galaxies, and also the determination of the galaxy stellar
mass function. In Fig. 6, we present a density plot of our fiducial
run Kr24 eA sW at redshifts z ∼ 4−7. In each panel, the red triple
dot-dashed line is a least-square linear fit in log-log space to all the
points, and the black solid line their median value in mass bins of
0.1 dex. The halo mass confidence limit of 100 dark matter parti-
cles discussed in Section 3.1 corresponds to a stellar mass limit of
M⋆ ∼ 107.5 M⊙. However, in our analysis we take into account ob-
jects with M⋆ > 107.75 M⊙, which is roughly the mass limit of the
current observations (Gonza´lez et al. 2011). Overplotted are the ob-
served galaxy SFR(M⋆) relations from Drory & Alvarez (2008, ob-
served frame I-band selected sample - green dashed + dotted lines),
Bouwens et al. (2012, drop-outs selection - blue triple dot-dashed
lines + light blue shaded regions) and de Barros et al. (2014, drop-
outs selection - dark green filled squares - No Nebular emission +
red filled circles - Nebular emission). We find that the simulated
relation does not follow either of the three observed relations (and
the difference increases at lower redshift where the scatter in the
simulated data also increases). In particular, the observed relations
are heavily weighted towards high masses while the opposite is true
for the simulated relation. We see that the SFR−M⋆ relations ob-
tained from our cosmological hydrodynamic simulations (red triple
dot-dashed lines, Fig. 6) have a lower normalization than all the
observed relations. This could be due to the fact that observations
are unable to detect the faintest and less star forming objects at a
fixed stellar mass11. For this reason, the observed SFR(M⋆) end up
having artificially higher normalization. This bias effect is exacer-
bated in the low stellar mass tail of the distribution (see e.g. Fig.
26 of Reddy et al. 2012, and related discussion). Moreover, the in-
trinsic (bias corrected) observed relation has a slope close to unity,
which is in good agreement with cosmological hydrodynamic sim-
ulations. In the next paragraphs of this section we discuss in detail
the implications of observational biases and different feedback pre-
scriptions on the SFR−M⋆ relation.
In Fig. 7 we compare the median lines of the SFR−stellar
mass density plots for all the runs of Table 1 with box size L = 24
Mpc/h. In Appendix A we will also show the resolution and box
size tests using simulations with L = 18 Mpc/h and L = 12
Mpc/h. These tests demonstrate that the SFR−M⋆ relation con-
verges at all redshifts considered. At redshift z = 6.8, the differ-
ent configurations are not distinct (bottom right panel). The same
is true at z = 5.9 (bottom left panel), except in the case of the
Ch24 NF (magenta triple-dot dashed line), where the absence of
11 As discussed in the previous section, this is more important for
SFR−M⋆ relations that were obtained using Lyman-break selected sam-
ples (Bouwens et al. 2012; Heinis et al. 2014).
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Figure 6. Density plots of the SFR−stellar mass relation for our fiducial run Kr24 eA sW at redshifts z ∼ 4 − 7. In each panel, the black solid line is the
median line through the density plot, while the red triple dot-dashed line is the linear fit (in log-log space, calculated using a least-square fit) to the points of
the density plot. Overplotted are the observed galaxy SFR(M⋆) relations from Drory & Alvarez (2008, observed frame I-band selected sample - green dashed
+ dotted lines), Bouwens et al. (2012, drop-outs selection - blue triple dot-dashed lines + light blue shaded regions) and de Barros et al. (2014, drop-outs
selection - dark green filled squares - No Nebular emission + red filled circles - Nebular emission). The light blue shaded regions represent the statistical error
of the SFR−M⋆ relation from Bouwens et al. (2012), estimated by varying the normalization factor in Eq. 6. The green dotted lines represent the 0.3 dex
scatter of the SFR−M⋆ relation from Drory & Alvarez (2008).
feedback leads to slightly higher SFRs at fixed stellar masses. The
presence of feedback lowers the SFR at a given M⋆ at redshifts
z = 5 and z = 3.8 (top right and left panels, respectively). In
our simulations the feedback prescription, choice of IMF and metal
cooling all seem to play a small role in the normalization and slope
of the simulated SFR−M⋆ relation. Lastly, the momentum-driven
winds run is in good agreement with all the constant wind models
and the observations.
Star formation is thought to be regulated by the balance be-
tween the rate at which the cold gas that creates stars is ac-
creted onto the galaxy, and feedback responsible for quenching
the SFR (Finlator & Dave´ 2008; Dutton et al. 2010; Bouche´ et al.
2010). Generally, a linear SFR−M⋆ relation is expected from
cosmological hydrodynamic simulations (Birnboim & Dekel 2003;
Dave´ 2008; Finlator et al. 2011). This implies a star-forming sce-
nario in which the galaxies build up mass exponentially with
time (Stark et al. 2009; Papovich et al. 2011; Lee et al. 2011). It is
thought that feedback may affect the slope of the SFR(M⋆) relation,
but a slope near unity is a generic result of numerical models owing
to the dominance of cold mode accretion, which produces rapid,
smooth infall (Dave´ 2008). Moreover, according to Schaye et al.
(2010) this is also related to the fact that galaxies form stars in
a self-regulated fashion. To interpret the SFR(M⋆) relation it is
therefore important to note that M⋆ and SFR are both correlated
with feedback and cooling. For example, the presence of strong SN
feedback lowers the SFR for a galaxy and at the same time lowers
its stellar mass with respect to the no feedback run. For this reason,
the differences between different feedback configurations are very
small for these redshifts. However, a larger discrepancy between
SFR−M⋆ relations simulated with different feedback prescriptions
is expected for lower redshifts (Haas et al. 2013a,b).
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Figure 7. Median lines of the star formation rate−stellar mass density plots for all the runs of Table 1 with box size equal to 24 Mpc/h. Overplotted are the
observed galaxy SFR(M⋆) relations from Drory & Alvarez (2008, observed frame I-band selected sample - green dashed + dotted lines), Bouwens et al. (2012,
droup-outs selection - blue triple dot-dashed lines + light blue shaded regions) and de Barros et al. (2014, droup-outs selection - nebular emission - red filled
circles). Line-styles of different simulations are as in Fig. 2.
The intrinsic SFR(M⋆) relations in our fiducial simulation
Kr24 eA sW (see the red triple dot-dashed lines in Fig. 6) are:
• z ∼ 4: SFR ≃
(
2.0M⊙ yr
−1
)
×
(
M⋆/10
9M⊙
)0.81
,
• z ∼ 5: SFR ≃
(
3.2M⊙ yr
−1
)
×
(
M⋆/10
9M⊙
)0.80
,
• z ∼ 6: SFR ≃
(
4.7M⊙ yr
−1
)
×
(
M⋆/10
9M⊙
)0.88
,
• z ∼ 7: SFR ≃
(
5.9M⊙ yr
−1
)
×
(
M⋆/10
9M⊙
)0.90
.
We find that the normalization factor evolves from z = 7 to 4,
while the exponent is nearly constant with an averaged value of
∼ 0.85. The predicted relation from simulations has a slope almost
∼ 1, regardless of the configuration used. Wilkins et al. (2013) also
find in their simulations that the intrinsic M⋆/LUV−LUV relation
is almost flat, implying a linear SFR−M⋆ relation. Furthermore,
Finlator et al. (2011) found an almost linear relation between star
formation and stellar mass. For comparison, Bouwens et al. (2012)
estimated the dust corrected SFR(M⋆) relation and found that SFR
∝ M0.73⋆ (while the relation without including dust attenuation was
found to be SFR ∝ M0.59⋆ ). Thus, dust attenuation plays an impor-
tant role in the exponent of the SFR−M⋆ relation.
As discussed above, our simulations predict lower values of
SFR than observations, especially for objects with small stellar
masses. The large difference between observed and predicted SFRs
from cosmological hydrodynamic simulations in the literature in-
dicates either that the simulations provide an imcomplete picture
of galaxy assembly and cold accretion, or that the observational
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results are biased. Reddy et al. (2012) discussed the implications
of various sample biases in the observed SFR−M⋆ relation. The
authors determined both SFR and stellar mass for intermediate red-
shift galaxies (1.4 < z < 2.7) by means of a SED fitting pro-
cedure. Using mock samples, SFR and M⋆ were found to be pos-
itively correlated with an intrinsic slope of ∼ 1. However, a lin-
ear least squares fit directly to the observational data, showed a
shallower slope of ∼ 0.30. This bias is due to the fact that their
observational sample was selected based on UV luminosities (and
not stellar masses). As a consequence, galaxies with larger SFRs
at a given stellar mass were preferentially selected. According to
Reddy et al. (2012) the SFR at log(M⋆/M⊙) = 9.25 is artificially
∼ 3 − 4 times larger than the intrinsic value due to this observa-
tional selection bias. Bouwens et al. (2012) stressed that their anal-
ysis is representative of a luminosity-selected sample and that this
bias can affect their results. We see that our simulations predict
lower values of SFR at a fixed mass than Bouwens et al. (2012),
especially for low mass objects. We are in better agreement with
the results of de Barros et al. (2014). These authors compiled their
sample using the same selection criteria as Bouwens et al. (2012),
but computed SFRs and stellar masses using the more reliable SED
fitting technique.
On the other hand, the I-band selected sample of
Drory & Alvarez (2008) allows them to include galaxies with
larger masses and the selection of stellar mass in obscured ob-
jects. However, their magnitude cut results in a sample which is
incomplete for objects with low stellar masses/SFRs. From Fig.
7 we see that our simulations are in good agreement with their
proposed SFR(M⋆) relation. We checked that there is also a good
consistency between our simulations and the recent results of
Salmon et al. (2014). Despite the good consistency between our
numerical results and these observations, the simulated relations
tend to be steeper.
It is worth mentioning that, although not presented in this
paper, the SFR−M⋆ relation proposed by Stark et al. (2009, rest
frame UV-selected sample of galaxies without dust corrections) is
in almost perfect agreement with our results. The authors stressed
that dust corrections could introduce considerable errors into the
observed relation, so they limited their analysis to the relationship
between stellar mass and emerging luminosity (i.e the luminosity
inferred from the flux that escapes the galaxy without applying any
dust corrections). According to Stark et al. (2009), the dust correc-
tion law given by Meurer et al. (1999) adds a significant random
scatter to the observed relation, and possibly cancels any existing
trend with luminosity and redshift12. Their results also suggest that
dust corrections could have a small impact on the intrinsic SFR at
a fixed stellar mass for z ∼ 4− 7.
In conclusion, we find that at stellar masses M⋆ > 109M⊙
both observations and simulations contain uncertainties, with ob-
servations being incomplete and simulations lacking in resolu-
tion. For masses M⋆ ? 109M⊙ our simulations are in agreement
with the observations of Drory & Alvarez (2008) and Salmon et al.
(2014). In addition, there is a good consistency between our results
and the observations of de Barros et al. (2014), who used SED fit-
ting to obtain the intrinsic SFRs and stellar masses in their Lyman-
break selected sample. Note that these authors were only able to
probe a small mass interval (log(M⋆/M⊙) ∼ 9.1− 9.7 at z ∼ 4).
Specifically, they do not take into account objects in the low and
12 Note that Bouwens et al. (2012) used the Meurer et al. (1999) relation
to dust correct their observed UV luminosities.
high mass ends of the distribution, where Lyman-break observa-
tions are potentially more affected by selection effects. On the other
hand, there is disagreement between our simulations and the ob-
servations of Bouwens et al. (2012) (especially at z = 3.8). Our
results suggest that their Lyman-break selection may miss a sig-
nificant number of galaxies, especially at low masses (Reddy et al.
2012; Bouwens et al. 2012; Heinis et al. 2014). This conclusion is
also supported by the recent work of Wyithe et al. (2013). In the
next section we show that this incompleteness leads to large uncer-
tainties in the determination of the galaxy stellar mass function.
Finally, our simulations predict a tight SFR−M⋆ relation
which is broadly consistent with the results of Whitaker et al.
(2012) who found the scatter of the intrinsic relation to be ∼ 0.17.
4 THE GALAXY STELLAR MASS FUNCTION
4.1 Observational GSMF
In this section we compare our simulations with the observed
GSMFs from Marchesini et al. (2009), Gonza´lez et al. (2011),
Lee et al. (2012) and Santini et al. (2012). Marchesini et al. (2009)
and Santini et al. (2012) used K-selected galaxy samples and were
able to determine the mass function for the most massive galax-
ies within the redshift range we study. Selecting galaxies from
a K-selected sample includes all galaxies rather than only those
that are active and brighty star-forming (as in a Lyman-break se-
lected sample). However, even the lowest mass galaxies selected
by these studies are among the most massive galaxies known at
z > 3 and provide information only about the high end of the
GSMF. In addition, these massive galaxies are strongly clustered,
which could lead to biased estimations due to the effect of cosmic
variance. Gonza´lez et al. (2011) and Lee et al. (2012) presented
GSMFs based on rest frame UV-selected samples, enabling selec-
tion of less massive objects. However, the relationships they re-
trieved are valid only for star-forming galaxies. In general, the var-
ious GSMFs presented in the literature are in good agreement at
z > 3.5, but differences between studies exist at higher redshift
(z ? 4). In the following we describe each measurement and com-
pare the different observational results. The cosmology assumed
is the same in all cases (H0 = 70 km s−1 Mpc−1) except for
Lee et al. (2012) (H0 = 72 km s−1 Mpc−1). Since most of the
authors assumed a Salpeter (1955) IMF, we corrected observed
GSMFs to a Salpeter IMF whenever the original choice was dif-
ferent.
Marchesini et al. (2009) measured GSMFs of galaxies at red-
shifts 1.3 < z < 4.0. The authors used the combined optical and
IR data from 3 different surveys (NIR MUSYC, ultra-deep FIRES
and GOODS-CDFS), providing a large area of the sky, so that er-
rors due to cosmic variance should be reduced. In the top left panel
of Fig. 8, the green filled circles with error bars show the GSMF of
Marchesini et al. (2009) at z ∼ 4. We multiplied the stellar masses
of Marchesini et al. (2009) by 1.6 since the authors used a pseudo-
Kroupa IMF instead of a Salpeter (1955) IMF13.
Santini et al. (2012) estimated GSMFs in six different redshift
intervals between z ∼ 0.6 and z ∼ 4.5 using Early Release
Science (ERS) observations taken with the WFC3 in the GOODS-
S field. Thanks to deep near-IR observations, they were able
13 Marchesini et al. (2009) state that they assumed a Salpeter (1955) IMF
for the SED fitting and they divided the derived stellar masses by 1.6 to
convert the assumed IMF to a pseudo-Kroupa.
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Figure 8. Observed galaxy stellar mass functions from Marchesini et al. (2009, green filled circles with error bars), Gonza´lez et al. (2011, blue filled squares
with error bars), Lee et al. (2012, orange dashed lines) and Santini et al. (2012, magenta dashed line).
to sample the GSMF at masses lower than previous IR studies.
However, the authors stated that despite the good agreement with
previous work, the limited area of their survey could affect the
results at the highest masses (due to cosmic variance). We present
the analytic result of Santini et al. (2012) in the top left panel of
Fig. 8 (magenta dashed line).
On the other hand, Gonza´lez et al. (2011) estimated the GSMF
at a given redshift by combining the rest-frame UV Luminosity
Function (LF) with the LUV − M⋆ relation measured at z ∼ 4.
They used the z ∼ 4 − 7 UV-LFs from Bouwens et al. (2007,
2011, Hubble-WFC3/IR camera observations of the Early Release
Science field combined with the deep GOODS-S Spitzer/IRAC
data). As a result, the incompleteness-corrected MFs derived by
Gonza´lez et al. (2011) are substantially steeper at low masses than
previously found at these redshifts (where incompleteness correc-
tions were not taken into account). The Gonza´lez et al. (2011) re-
sults are shown as the blue filled squares with error bars in Fig.
8.
Lee et al. (2012) investigated how star-forming galaxies typ-
ically assemble their mass between redshifts z ∼ 4 and z ∼ 5.
We present the fit to the GSMFs for star forming galaxies found in
Lee et al. (2012) in the top panels of Fig. 8 (orange dashed lines).
Since the authors assumed a Chabrier (2003) IMF, we convert their
results to a Salpeter (1955) IMF by adding 0.16 dex to stellar
masses. As noted, the observations from Gonza´lez et al. (2011) and
Lee et al. (2012) (i.e. the UV-selected surveys) do not represent the
total SMF of all galaxies at a given redshift, rather they provide
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information about how much of the cosmic stellar mass density is
distributed in actively star-forming and UV-bright galaxies.
The K-selected GSMFs from Santini et al. (2012) and
Marchesini et al. (2009) are in agreement at redshift z ∼ 4. Simi-
larly, Gonza´lez et al. (2011) is in agreement with Lee et al. (2012)
at z ∼ 4, in the mass bin 108.5M⊙ > M⋆ > 109.5M⊙. At z ∼ 5,
the overall normalization of the Gonza´lez et al. (2011) GSMF is
50% higher than in Lee et al. (2012)14. However, where results can
be directly compared at z ∼ 4, there is an offset in amplitude be-
tween Lyman-break and K-selected GSMFs.
4.2 Comparison between simulated and observed galaxy
stellar mass functions
We next compare the galaxy stellar mass functions obtained from
our simulations with the observed GSMFs discussed in the previous
section. Simulations of the GSMF with box size L = 24 Mpc/h are
shown in Fig. 915. At each redshift, a panel showing ratios between
the different simulations and the Kr24 eA sW run (black solid line)
is included. At z = 6.8 and z = 5.9, our results are in agree-
ment with the results from Gonza´lez et al. (2011), while at lower
redshifts our simulations overpredict the number of star forming
selected galaxies of all stellar masses with respect to their obser-
vations16. In addition, at z < 5 our simulated GSMFs are con-
sistent with the K-selected GSMFs of Marchesini et al. (2009) and
Santini et al. (2012). Below we discuss the results at each redshift
in more detail.
At redshift z = 6.8 (bottom right panel of Fig. 9), all sim-
ulations show the same trend, regardless the configuration used
(strength of feedback, inclusion of metal cooling and choice of
IMF). Only the no feedback (Ch24 NF) and the very strong winds
(Ch24 eA vsW) cases show a small variation with respect to the
other runs. This dependence is consistent with the results of
Tescari et al. (2014) for the SFRF.
At z = 5.9 (bottom left panel), all simulations are also in good
agreement with observations (apart from the no feedback run). In
the no feedback case we have an overproduction of systems in the
high mass tail of the distribution (log(M⋆/M⊙) ? 9.3) with re-
spect to all the other simulations, due to the overcooling of gas.
At z = 5.0 (top right panel), all configurations predict more
galaxies than observed in almost the whole stellar mass range. Note
that the GSMF of the fiducial Kr24 eA sW run (black solid line) is
truncated at log(M⋆/M⊙) ∼ 9.8. This is due to low number statis-
tics at higher masses. Therefore, in order to have a fair comparison
with all the other simulations, we decided to exclude this region of
the Kr24 GSMF.
The behaviour of different simulations only becomes clear at
z = 3.8 (top left panel). The no feedback case is ruled out by obser-
vations of galaxies based on both Lyman-break and K-band selec-
tion. In the following sub-sections and in Fig. 10 we highlight the
14 At the massive end of the distribution, the data points from
Gonza´lez et al. (2011) are lower by more than a factor of 2 with respect
to Lee et al. (2012). According to Lee et al. (2012), this is due to the fact
that the sample that Gonza´lez et al. (2011) used covered 75% less space,
and it could therefore be a cosmic variance effect.
15 Resolution and box size tests using simulations with L = 18 Mpc/h and
L = 12 Mpc/h are shown in Appendix A. At each redshift, our simulations
show a good convergence down to log(M⋆/M⊙) = 8.25.
16 Our results are instead in excellent agreement with the new observations
of Duncan et al. (2014).
impact of SN driven galactic winds, AGN feedback, metal cooling
and momentum-driven winds on the GSMF at z = 3.8.
4.2.1 Effect of SN and AGN feedback
We start by analysing simulations which have a Chabrier IMF,
energy-driven galactic winds and no metal cooling: Ch24 lA wW,
Ch24 lA sW, Ch24 eA sW and Ch24 eA vsW. In the most massive
galaxies (log(M⋆/M⊙) ? 9.8), the run with late AGN feedback
and weak winds (Ch24 lA wW) produces the highest values of the
GSMF. The runs Ch24 lA sW and Ch24 eA sW have strong winds
with late and early AGN feedback, respectively. These two simula-
tions do not show any difference at high stellar masses. However,
the resulting GSMFs are lower than the Ch24 lA wW run. Finally,
the very strong winds case (Ch24 eA vsW) has the lowest value of
the GSMF in the high mass tail. We highlight the effect of SN feed-
back in the top left panel of Fig. 10, by comparing results from the
Ch24 eA sW and Ch24 eA vsW runs.
The situation is different at low stellar masses
(log(M⋆/M⊙) > 9.0). In this range, the Ch24 lA wW run
produces more systems with respect to the other three simulations.
However, the Ch24 lA sW and Ch24 eA sW runs are not equal at
these low masses. The GSMF of Ch24 eA sW is lowered by ∼ 0.2
dex. This enhanced effect of AGN feedback, labeled in the low
mass end is related to our black hole seeding scheme (see below).
The top right panel of Fig. 10 shows the effect of AGN feedback
by comparing the Ch24 lA sW run and the Ch24 eA sW run.
In Tescari et al. (2014) and in Section 3.1 we discussed the in-
terplay between SN driven galactic winds and AGN feedback in our
simulations. Galactic winds start to be effective before AGN and
therefore shape the whole GSMF. In low mass halos the effect of
weak and strong winds is the same: both configurations efficiently
quench the ongoing star formation by removing gas from the high
density central regions. In high mass halos weaker winds become
less effective. As a result the GSMF for Ch24 eA vsW is lower than
the GSMF for Ch24 eA sW (top left panel of Fig. 10).
We use two configurations for the AGN feedback, labeled
“early” and “late”. In our model, we seed all the halos above a
given mass threshold with a central SMBH. In the “early AGN”
configuration we reduced this threshold and therefore increased
the effect of AGN feedback on halos with low mass by construc-
tion. For this reason the GSMF for Ch24 eA sW is lower than
the GSMF for Ch24 lA sW in the low end of the distribution,
log(M⋆/M⊙) > 9.0 (see the top right panel of Fig. 10). At high
masses, SMBHs have not yet reached a regime of self-regulated
growth and therefore do not significanlty affect the GSMF. In fact,
the GSMF for Ch24 eA sW is equal to the GSMF for Ch24 lA sW
for log(M⋆/M⊙) ? 9.5. We stress that the radiative efficiency (ǫr)
and the feedback efficiency (ǫf ) are each the same in the two AGN
configurations.
4.2.2 Effect of metal cooling
The simulation with metal cooling (Ch24 Zc eA sW), shows an in-
crease of the GSMF at all masses with respect to the corresponding
simulation without metal cooling (Ch24 eA sW). This is due to the
fact that when metals are included in the cooling function, the gas
can cool more efficiently and produce more stars than gas of pri-
mordial composition. The effect of metal cooling is visible in the
bottom left panel of Fig. 10.
c© 0000 RAS, MNRAS 000, 000–000
16 A. Katsianis et al.
7 8 9 10 11 12
-6
-5
-4
-3
-2
-1
lo
g 1
0 
φ M
s 
[M
pc
-
3  
de
x-1
]
 Kr24_eA_sW  
 Ch24_lA_wW  
 Sa24_eA_wW     
 Ch24_eA_sW  
 Ch24_lA_sW  
 Ch24_eA_vsW  
 Ch24_NF     
 Ch24_Zc_eA_sW
 Ch24_eA_MDW
 z=3.8    
7 8 9 10 11 12
-6
-5
-4
-3
-2
-1
 z=5.0    
   GSMFobs (Marchesini et al. 2009) 
   GSMFobs (Gonzalez et al. 2011) 
   Analytic GSMFobs (Santini et al. 2012)  
7 8 9 10 11 12
-6
-5
-4
-3
-2
-1
lo
g 1
0 
φ M
s 
 
[M
pc
-
3  
de
x-1
]
 z=5.9    
7 8 9 10 11 12
-6
-5
-4
-3
-2
-1
 z=6.8    
7 8 9 10 11 12
1
2
3
 
R
at
io
7 8 9 10 11 12
1
2
3
7 8 9 10 11 12
log10 Ms [MO • ]
1
2
3
 
R
at
io
7 8 9 10 11 12
log10 Ms [MO • ]
1
2
3
Figure 9. Galaxy stellar mass functions for all the runs of Table 1 with box size equal to 24 Mpc/h. Overplotted are the observational results of Marchesini et al.
(2009, green filled circles with error bars), Gonza´lez et al. (2011, blue filled squares with error bars) and Santini et al. (2012, magenta dashed line). At each
redshift, a panel showing ratios between the different simulations and the Kr24 eA sW run (black solid line) is included. Line-styles of different simulations
are as in Figs. 2 and 7.
4.2.3 Effect of IMF
The choice of IMF plays a minor role in the simulated GSMFs.
By comparing the Kr24 eA sW run (Kroupa IMF) with the
Ch24 eA sW run (Chabrier IMF), we see that the only small dif-
ference is at redshift z = 3.8, where the run with Chabrier IMF
results in in slightly less galaxies with M⋆ ? 1010 M⊙ (top left
panel of Fig. 9).
4.2.4 Constant- vs. momentum-driven galactic winds
The physics of the SNe feedback remains an uncertainty
in galaxy formation modelling (Springel & Hernquist 2003;
Oppenheimer & Dave´ 2006; Tescari et al. 2009; Choi & Nagamine
2011; Tescari et al. 2011; Puchwein & Springel 2013), and we have
computed results using two different galactic winds schemes. In
Fig. 9 we compare the evolution of the GSMF for the Ch24 eA sW
run (Chabrier IMF, early AGN feedback and energy-driven galactic
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Figure 10. Galaxy stellar mass functions at z = 3.8. We evaluate the effects of galactic wind strength (top left panel), AGN feedback (top right panel), metal
cooling (bottom left panel) and momentum-driven winds (bottom right panel) on the GSMF. Overplotted are the observational results of Marchesini et al.
(2009, green filled circles with error bars), Gonza´lez et al. (2011, blue filled squares with error bars) and Santini et al. (2012, magenta dashed line).
winds of constant velocity vw = 450 km/s - red triple dot-dashed
line) and the Ch24 eA MDW run (Chabrier IMF, early AGN feed-
back and momentum-driven galactic winds - dark green dashed
line).
At redshift z = 6.8, 5.9 and 5.0 we find that the two sim-
ulations are in excellent agreement. At z = 3.8 the only notable
difference is a slight overproduction of systems with stellar masses
log(M⋆/M⊙) ? 9.5 for the Ch24 eA MDW run (bottom right
panel of Fig. 10). This is due to the fact that momentum-driven
winds are less efficient than constant winds in the most massive ha-
los. As we showed in Tescari et al. (2014), at z ? 4 the effect of the
two different galactic wind implementations on the star formation
rate function is significant, while the two schemes result in almost
the same GSMF evolution.
5 BEST MODEL AND DISCUSSION
In Fig. 11 we show the galaxy stellar mass functions at redshifts
z ∼ 4 − 7 for our fiducial model Kr24 eA sW with Kroupa IMF,
early AGN feedback and strong energy-driven galactic winds of
constant velocity vw = 450 km/s (black solid lines). We include
the Poissonian uncertainties for the simulated GSMFs (black error
bars), in order to provide an estimate of the errors from our finite
box size. In this figure we also compare this fiducial model with the
observations discussed in Section 4.1.
c© 0000 RAS, MNRAS 000, 000–000
18 A. Katsianis et al.
7 8 9 10 11 12
-6
-5
-4
-3
-2
-1
lo
g 1
0 
φ M
s 
[M
pc
-
3  
de
x-1
]
Kr24_eA_sW  
GSMFobs (Marchesini et al. 2009) 
Analytic GSMFobs (Santini et al. 2012)  
 z=3.8    
7 8 9 10 11 12
-6
-5
-4
-3
-2
-1
 z=5.0    
 Analytic GSMFobs (Lee et al. 2012)  
 GSMFobs (Gonzalez et al. 2011)
 GSMFobs (Smit et al. 2012 + this work) 
7 8 9 10 11 12
log10 Ms [MO • ]
-6
-5
-4
-3
-2
-1
lo
g 1
0 
φ M
s 
 
[M
pc
-
3  
de
x-1
]
 z=5.9    
7 8 9 10 11 12
log10 Ms  [MO • ]
-6
-5
-4
-3
-2
-1
 z=6.8    
Figure 11. Galaxy stellar mass functions at z ∼ 4 − 7 for our fiducial model with Kroupa IMF, early AGN feedback, constant galactic winds (vw = 450
km/s) and box size equal to 24 Mpc/h (black solid lines). The black error bars are the Poissonian uncertainties of the simulated GSMFs. Overplotted are the
observational results of Marchesini et al. (2009, green filled circles with error bars), Gonza´lez et al. (2011, blue filled squares with error bars), Lee et al. (2012,
orange dashed lines) and Santini et al. (2012, magenta dashed line). At each redshift, the red diamonds with error bars show the GSMF recovered by combing
the stepwise determination of the star formation rate function from Smit et al. (2012) with our simulated intrinsic SFR−M⋆ relation (see Section 5).
While at z > 5 our simulated GSMFs are in good agree-
ment with the results inferred by Gonza´lez et al. (2011), at 3.8 6
z 6 5 there is disagreement between their Lyman-break selected
GSMF and our numerical results. Our runs predict ∼ 3 times more
objects than those found by Gonza´lez et al. (2011). However, at
redshift z ∼ 4, we are in excellent agreement with the results
of Marchesini et al. (2009), Santini et al. (2012) (the K-selected
samples) and the new data of Duncan et al. (2014). Santini et al.
(2012) compared their results with the semi-analytic models of
Menci et al. (2006), Monaco et al. (2007), Wang et al. (2008) and
Somerville et al. (2012), at the same redshift. These semi-analytic
models are also broadly consistent with observations, even though
they all underestimate the stellar mass function at the high mass
end.
Jaacks et al. (2012) and Wilkins et al. (2013) have previously
used cosmological hydrodynamic simulations to model the results
of Gonza´lez et al. (2011). Both studies also found disagreement
with these observations. In particular, Wilkins et al. (2013) claimed
that the tension between simulated and observed GSMFs arises for
two reasons. Firstly, at z ∼ 5 there is a difference in the slope of
the UV luminosity function at low LUV. According to the authors,
this difference is probably due to the fact that feedback in their sim-
ulations is not efficient enough for galaxies with M⋆ < 109 M⊙/h.
The second reason is that Gonza´lez et al. (2011) did not take into
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account the evolution in the assumed LUV −M⋆ relation. As de-
scribed in Section 4.1, at 4 6 z 6 7 the authors used the LUV−M⋆
relation calibrated at redshift z ∼ 4. However, Wilkins et al. (2013)
found in their simulations that this relation evolves significantly
over time and this is partly responsible for the inconsistency be-
tween the simulated and the observed GSMF at z > 5.
In hydrodynamic simulations, the excess of simulated sys-
tems at the low mass end of the GSMF is a well known prob-
lem (Dave´ et al. 2011), and is related to the tendency of the SPH
simulations to overproduce halos with stellar masses in the range
M⋆ < 1010 M⊙/h (Lo Faro et al. 2009). Once too many small
galaxies are produced at high redshift, strong stellar feedback must
be invoked to suppress their star formation at lower redshift, so
as to recover the correct number density at z = 0. The crucial
objects that are at the origin of this discrepancy are the small star-
forming galaxies at z > 3. Moreover, hydrodynamic simulations of
the early Universe may yield a SFR−M⋆ relation that is almost un-
avoidably normalised too low at high z, irrespective of their feed-
back scheme (Haas et al. 2013a). This is due to the fact that the
first generation of stars can only form once a halo is resolved with
enough particles to sample the star forming gas. In general, cos-
mological hydrodynamic simulations lack the resolution to model
the first stars expected to form in these halos and this means that
simulated galaxies start to form stars and produce stellar feedback
too late. As a result, too many stars form at early times making the
galaxies more massive (i.e the SFR−M⋆ relation has lower normal-
ization).
As discussed in Sections 3.2 and 3.3 the star formation
rate−stellar mass relation recovered from our simulations does not
follow the observed one. In general, at a given stellar mass, we
predict SFRs that are lower than observed. The combination of
these two effects leads to the disagreement between simulated and
Lyman-break selected GSMFs in Figs. 9 and 11. As already dis-
cussed, observations are heavily weighted towards systems with
high masses (i.e. high SFRs). The fact that our simulations are in
agreement with ( K-selected) observations in this range, while a
different trend is visible at M⋆ > 1010 M⊙/h, suggests that we
are detecting objects not visible in the current surveys. We there-
fore argue that the “true” normalization of the SFR−M⋆ relation is
lower than measured in the case of Lyman-break selected samples
of galaxies.
In Tescari et al. (2014) we showed that our best fit simulation
reproduces the observed star formation rate functions of Smit et al.
(2012) at z ∼ 4−7, determined from the UV-LFs of Bouwens et al.
(2007). In light of this result, we tried a simple test to better under-
stand what causes the tension between simulations and observa-
tions. At each redshift, we started with the stepwise determination
of the SFRF from Smit et al. (2012) and converted SFRs to stellar
masses using our intrinsic simulated SFR−M⋆ relation (see the red
triple dot-dashed lines in Fig. 6) to obtain a new estimate of the
GSMF. The red diamonds shown in Fig. 11 represent the results of
this test. Note that this approach takes into account the redshift evo-
lution of the SFR−M⋆ relation. We see that the resulting GSMFs
are in good agreement with the Kr24 eA sW run. There is only a
small difference at redshift z = 5, where the simulated SFRF is
also slightly different than the observed one (Tescari et al. 2014).
We find that the determination of the GSMF is extremely sensitive
to the choice of the SFR−M⋆ relation. This supports the idea that
the reason why our simulations overpredict the observed GSMFs
of Gonza´lez et al. (2011) at z 6 5 is the inconsistency between
the observed and simulated SFR−M⋆ (or LUV−M⋆) relations. At
the same time, we also match the observations of Gonza´lez et al.
(2011) at z > 6 better because in this redshift range the SFR(M⋆)
relations implied by observations are close to the ones from our
fiducial simulation (especially the normalization).
6 CONCLUSIONS
This paper is the second of a series in which we present the re-
sults of the ANGUS (AustraliaN GADGET-3 early Universe Simu-
lations) project. In the first paper of the series (Tescari et al. 2014)
we constrained and compared our hydrodynamic simulations with
observations of the cosmic star formation rate density and Star For-
mation Rate Function (SFRF) for z ∼ 4−7. In this work, we study
the relations between star formation rate and both total halo mass
and stellar mass (SFR−MFoF and SFR−M⋆, repsectively) and in-
vestigate the evolution of the galaxy stellar mass function (GSMF)
for the same redshift interval. In particular, we have focused on the
role of supernova driven galactic winds and AGN feedback. For
most of our simulations we used the Springel & Hernquist (2003)
implementation of SN energy-driven galactic winds. We explored
three different wind configurations (weak, strong and very strong
winds of constant velocity vw = 350, 450 and 550 km/s, respec-
tively). In one simulation we also adopted variable momentum-
driven galactic winds. In addition, we explored two regimes for
AGN feedback (early and late). The early AGN scheme imposes
high black hole/halo mass ratios in small galaxies at early times.
Finally, we investigated the impact of metal cooling and different
IMFs (Salpeter 1955; Kroupa et al. 1993; Chabrier 2003).
In the following we summarise the main results and conclu-
sions of our analysis:
• Different feedback prescriptions impact on the SFR−MFoF
relation. SN driven galactic winds have the most significant effect.
The choice of initial mass function plays a minor role in our simu-
lations for this study, while the star formation rate at a given mass
is always higher when metal cooling is included.
• Observational studies report a range of different SFR−M⋆ re-
lations, especially at redshift z ∼ 4. The differences are mostly
related to the fact that different groups use different methods to re-
cover intrinsic SFRs. Our results, favour SFRs that are obtained us-
ing SED fitting techniques (Drory & Alvarez 2008; de Barros et al.
2014). We find that estimations of the SFR using the Kennicutt
(1998) relation and dust corrections that rely on UV-continuum
slopes likely overpredict the SFR at a fixed mass.
• Our simulated SFR−M⋆ relations are in good agreement
with the SED based observations of Drory & Alvarez (2008) and
de Barros et al. (2014) for stellar masses M⋆ ? 109M⊙. However,
our simulations, that are calibrated against the observed cosmic star
formation rate density and SFRF, do not agree with the Lyman-
break selected sample of Bouwens et al. (2012). Our simulations
predict a population of faint galaxies not seen by current observa-
tions.
• We reproduce the Lyman-break selected galaxy stellar mass
functions of Gonza´lez et al. (2011) at z = 6.8 and 5.9. At lower
redshift, we are in agreement with the GSMFs determined from K-
selected observations in the high mass end of the distribution, but
overproduce the number of galaxies with respect to Gonza´lez et al.
(2011), especially at the low mass end. Feedback effects are impor-
tant in reproducing the observed GSMFs. Models without feedback
do not describe the observations.
• At the highest redshifts considered in this work, energy- and
momentum-driven galactic winds predict the same SFR−M⋆ rela-
tion and the same galaxy stellar mass function evolution.
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• Our simulated GSMF is consistent with the results of
Marchesini et al. (2009), Santini et al. (2012) and Duncan et al.
(2014). The GSMF of Gonza´lez et al. (2011) for z ∼ 4 − 7
is estimated by converting the luminosity function into a stellar
mass function, and is therefore highly dependent on the assumed
M⋆ − LUV relationship. This relation is uncertain and possibly bi-
ased by a range of factors. The observed relation is also heavily
weighted towards systems with high star formation rates. We argue
that this is the main reason for the difference between simulations
and the observed Lyman-break selected GSMF of Gonza´lez et al.
(2011) at z ∼ 4.
In conclusion, we argue that the normalization of the observed
SFR−M⋆ relation is overestimated by current measures. The range
of results from current surveys arise because of the different and
uncertain procedures used for obtaining the intrinsic SFRs, and
because current surveys are unable to detect the low SFR/mass
objects. Future deep surveys should find a large population of
faint galaxies with low stellar masses. This will result in a steeper
SFR−M⋆ relation with smaller normalization.
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Figure 12. Box size and resolution tests at redshift z ∼ 4 − 7. Top 4 panels: SFR−MFoF relation. Bottom 4 panels: SFR−M⋆ relation. In all the panels
we compare a) the Chabrier IMF, Early AGN, Strong Winds configuration for two different box sizes: L = 24 Mpc/h (Ch24 eA sW - red triple dot-dashed
line) and L = 12 Mpc/h (Ch12 eA sW - black dotted line) and b) the Chabrier IMF, Late AGN, Weak Winds configuration for L = 24 Mpc/h (Ch24 lA wW
- orange triple dot-dashed line) and L = 18 Mpc/h (Ch18 lA wW - blue dot-dashed line). In the top 4 panels the blue dot-dashed horizontal lines represent
the observational limits in the range of SFR of Smit et al. (2012) and the orange dot-dashed vertical line is our mass confidence limit (see Section 3.1). In
the bottom 4 panels we overplot the observed galaxy SFR(M⋆) relations from Drory & Alvarez (2008, observed frame I-band selected sample - green dashed
+ dotted lines), Bouwens et al. (2012, droup-outs selection - blue triple dot-dashed lines + light blue shaded regions) and de Barros et al. (2014, droup-outs
selection - nebular emission - red filled circles).
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Figure 13. Box size and resolution tests: galaxy stellar mass functions at redshift z ∼ 4 − 7. We compare the same simulations of Fig. 12 (line-styles of
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APPENDIX A: BOX SIZE AND RESOLUTION TESTS
In this appendix we perform box size and resolution tests, in order
to check the convergence of the results from our simulations. As
stated in Tescari et al. (2014), in our simulations the smaller the
box size of a run, the higher its mass/spatial resolution. However,
the box size sets an upper limit on the mass of the halos that can
be formed in the simulated volume. Therefore, for our simulations,
higher resolution means also poorer statistics at the high mass end
of the halo mass function.
In the top 4 panels of Fig. 12 we compare the median lines
of the SFR−MFoF density plots for runs with box size equal to
L = 24 Mpc/h, L = 18 Mpc/h and L = 12 Mpc/h. Four
simulations are considered: two of them in the late AGN + weak
Winds setup (Ch24 lA wW - orange triple dot-dashed line and
Ch18 lA wW - blue dot-dashed line) and the other two in the early
AGN + strong Winds setup (Ch24 eA sW - red triple dot-dashed
line and Ch12 eA sW - black dotted line). At z > 5.9, all the simu-
lations are virtually indistinguishable inside the observational lim-
its in the range of SFR of Smit et al. (2012, blue dot-dashed hor-
izontal lines). The convergence of the results is slightly worse at
redshift z = 5, but at z = 3.8 simulations with the same configura-
tion and different box size/resolution are convergent to ∼ 0.1 dex.
As expected, the run with box size L = 12 Mpc/h cannot sam-
ple halos with total mass MFoF ? 1011.5 M⊙/h due to its small
simulated volume.
In the bottom 4 panels of Fig. 12 we test the SFR−M⋆ relation
using the same simulations. In this case there is a very good agree-
ment between the different runs at all redshifts considered. For
comparison, we overplotted the observations of Drory & Alvarez
(2008, observed frame I-band selected sample - green dashed + dot-
ted lines), Bouwens et al. (2012, droup-outs selection - blue triple
dot-dashed lines + light blue shaded regions) and de Barros et al.
(2014, droup-outs selection - nebular emission - red filled circles).
In Fig. 13 we plot the galaxy stellar mass functions for the
four runs used before and we compare with the observational
results of Marchesini et al. (2009, green filled circles with error
bars), Gonza´lez et al. (2011, blue filled squares with error bars)
and Santini et al. (2012, magenta dashed line). The effect of poorer
statistics at high stellar masses for the Ch12 eA sW run is clearly
visible. However, in each panel our simulations show a good con-
vergence down to the observational point of Gonza´lez et al. (2011)
at log(M⋆/M⊙) = 8.25. Below this limit, incompleteness effects,
due to the SFR/mass cut we adopted in our simulations, start to be
important (the same feature is visible for the runs plotted in Figs.
9, 10 and 11).
To summarise, the SFR−M⋆ relation converges at 4 6 z 6 7,
while the SFR−MFoF relation shows a slightly worse convergence
at z = 5.0. Finally, at all redshifts considered the GSMF converges
down to log(M⋆/M⊙) = 8.25.
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